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We have observed up to 8 orders (n) in the spectra of parametric x-radiation (PXR), in the range
5-40 keV, produced by the interaction of a 90 MeV electron beam with mosaic graphite and single sil-
icon crystals. The measured yields and intensity ratios, 1(n ~ 2)/1(n= 1), in graphite are not in agree-
ment with the theory of PXR for mosaic crystals. In comparison, the ratios of intensities in silicon are
close to the predictions of PXR theory for perfect crystals. The bandwidths of spectral lines measured in
both silicon and graphite are in good agreement with theoretical predictions.
PACS numbers: 41.60.—m, 78.70.Ck
Parametric x-radiation (PXR) is produced when a
charged particle interacts with a crystalline material.
PXR can be interpreted as the coherent Bragg scattering
of Weiszacker-Williams pseudophotons [1], associated
with the Fourier components of the relativistic field of the
particle, from the crystal planes. In this process, x rays
are generated at twice the Bragg angle measured relative
to the velocity vector of the particle.
Since first predicted in the early 1970's [1-3], a num-
ber of classical and quantum electrodynamical treatments
of PXR have been developed, based on a kinematic point
of view [4], and on the dynamical theory of x-ray dif-
fraction [5-8]. PXR is highly directed, quasimono-
chromatic, tunable, polarized, and spectrally intense
[6-10]. At small Bragg angles the PXR process is a par-
ticularly efficient bright source of hard x rays [8]. These
properties make it potentially useful for a wide variety of
applications such as materials analysis [11],microscopy,
nanofabrication, and digital subtraction imaging [10].
Experimental studies of PXR from beams with energies
from 25 to 900 MeV interacting with several types of sin-
gle crystals have generally verified the predicted angular
distribution, bandwidth, and polarization of PXR [12-
18].
We report the first measurements of PXR spectra from
a mosaic crystal [19], compression annealed pyrolytic
graphite (CAPG), which has the highest measured x-ray
rellectivity [20,211. To our knowledge, this is also the
first reported PXR measurement in a Bragg geometry.
Caticha [8] has pointed out that in this case multiple
scattering is reduced and therefore the PXR is produced
by a higher quality beam than in a Laue geometry. We
present a quantitative study of the yield of multiple order
spectra in graphite, the ratio of intensities in silicon, and
the bandwidths of PXR spectral lines, which show their
dependence on the aperture of the detector.
The spectral-angular distribution [5,6] of PXR from a
perfect crystal may be written as
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where Oz is the Bragg angle, Oz Oy are the angular displacements away from Oz, in and out of the incidence plane, re-
spectively, go is the mean dielectric susceptibility, g&o is the structure factor, p, =k/2trL, (co), L, (co),L are the absorption
and path lengths, respectively, and e is the squared Debye-Wailer (DW) factor [21]. Equation (1) applies to each
frequency catt(n) which satisfies the Bragg condition: cott(n) =ntrc/d sinOtt, where d is the interplanar spacing of the set
of crystal reAecting planes, and n is the spectral order.
To obtain the spectral distribution, we integrate Eq. (1) over the solid angle subtended by the detector, d 0 =AO„B,Oy,
where AO„and h, Oy are the angular fields of view in and out of the plane of observation, respectively. When h, O„))p„
e' lz~ol'e 2™L (1 —e ')
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where Jz(ay u) is obtained by straightforward integration of Eq. (1) over Oy, and u=[(co —cott)/cott](tanOtt)/0„=0x/
8~. S(a„—~u~) is the step function which is unity when its argument is positive and is zero otherwise. a„y
AO y/20p where 0& = (y + (go~ +0, ) '1, and 0, =Od + O„,i+ 0 „approximates the effects of beam divergence, mul-
tiple scattering, and mosaicity [11]. In deriving Eq. (2), we have approximated the last factor in Eq. (1) by
(tt/p, )8[0„—tanOtt(co —cott)/cott], which correlates O„and co —cott, and also connects the finite aperture of the detector
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50„with the observed spectral bandwidth d, co. When
60„~ ~, Eq. (2) reduces to Eq. (8) of Ref. [6].
Equations (1) and (2) are derived from a dynamical
approach [5]; however, the last term in Eq. (1) and the
use of the 8 function are essentially kinematic approxima-
tions. Nitta [4] has shown that the kinematic formula is
adequate for comparison with experiments when y
)&
~@to~, which is the case for our experiments. The role
of the orientation of the crystal surface and the dispersion
relationship for x rays has been clearly elucidated in a
fully dynamical treatment by Caticha [7,8].
For most experimental situations, ~ & h, O & p, .
Then, if A0„/0& &12, the FWHM of J2, 5 limits the
bandwidth in Eq. (2), i.e., Acotx:80„; otherwise, AcotxI q.
We shall refer to these situations as the far case and near
case, respectively. Far case conditions apply to all the ex-
periments previously reported.
We have observed the PXR spectra of a 90 MeV elec-
tron beam, produced by an 5 band rf linac producing 1
ps pulses at a rate of 60 pps, interacting with the (111)
and (022) planes of silicon (Si) in a Laue geometry for
the far case condition, and the (002) planes of mosaic
graphite in a Bragg geometry for both far and near cases.
Si crystals 20, 44, and 320 pm thick, and a 1.39 mm
thick CAPG crystal (0.4' mosaic spread) manufactured
by Union Carbide Inc. were used. In all the experiments
reported here, og =22.5 . PXR is observed at a fixed
detector angle 20& =45 . The Si crystals are cut so that
the (022) planes are oriented at 90 relative to the crystal
face, whose normal is in the (200) direction. For the
graphite, the (002) reliection planes are parallel to the
face of the crystal.
The experimental arrangement is described in Ref.
[17]. A 16 mm square, 5 mm thick Si(Li) detector en-
closed by a 50 pm Be window is used to detect the x rays,
and is located in air 1.0 m from the crystal for the far
case, and 0.3 m away for the near case. A 0.001 in. thick
Kapton window and a 1.4 cm air gap separated the vacu-
um from the detector window. A gated, multichannel
analyzer is used to obtain the x-ray energy spectra. The
calibration and resolution of the detector are determined
by observing the x-ray fluorescence lines from a stack of
titanium, yttrium, and tin foils placed in the beam path.
The absolute PXR yield (photons/electron), ri, is ob-
tained for graphite by integrating the number of photons
in a given spectral peak and dividing by the number of
electrons. X-ray fluorescence from a tin foil placed
directly behind the crystal is detected along with the
PXR spectra and used to calculate the beam current,
which is kept at -4 x 10 ' A to avoid double counting
in the detector.
Figure 1 shows a plot of the raw PX spectrum from the
(002) planes of graphite, for the far case. This spectrum
exhibits a large number (8) of spectral orders observed
and a very low background level. The presence of so







the terms containing L, and gtp in Eq. (2). As the energy
of the order increases, L, increases so that for n & 2 the
production becomes proportional to the path length L,
since L, (co) &L for F. &10 keV. The term
~@to~ de-
creases with increasing energy, but not as fast as L, in-
creases.
The measured [22] and theoretical [23] yields (0, ~ 0)
are given in Table I for a representative far case data set.
The measured higher order (n ~ 2) yields are 2-200
times the calculated values for 0, & 0, and 1.5-260 times
the 0, =0 calculations for n ~ 4. Similar ratios are ob-
tained for the near case. For the far case, r) „,(1)
& q&h„(I ) when 0, & 0, and q „,& r)th„ for n & 4 when
0, =0. For the near case, rim„, (1)=(2.6+ 1.3) X10
photons per electron, which is larger than the far case
value, as is expected. However, the theoretical first order
values, 5.5x10 for 0, & 0, and 8.0x10 for g, =0
are again both larger than the measured values [24].
The values of 0, used in Eq. (2) to calculate the
theoretical yields in Table I include Om»=5&10, and
O„,t, which is obtained from the Bethe-Ashkin mul-
tiple scattering formula. To first order, 0„,t ec (x)
—x/L
—
=fxe 'dx/fe 'dx, the eft'ective crystal thickness,—x/L
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FIG. 1. Parametric x-ray spectrum from (002) planes of a
mosaic graphite crystal at Oz =22.5 .
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250
which accounts for absorption in the crystal. In graphite,
osogt varies from 8.4 & 1 0 at 5 keV to 8.8 & 1 0 at 40
keV, and exceeds 6.0x10 for energies ~ 10 keV. The
measured beam divergence at 90 MeV, Od =10((Omps Oggat for all energies considered, and is negligible.
Figure 2 shows a comparison of the PXR spectra from
the (111) planes of single crystal Si for three diff'erent
thicknesses. The 44 and 320 pm spectra show the n=3
and n=4 spectral lines but not the n=2 line. The selec-
tion rule for normal x-ray scattering for diamondlike,
face centered cubic crystals such as silicon forbid the
n=2 reflection. By analogy, the n=2 order should also
be absent from PXR spectra, as our results indicate. Fig-
ure 2 also illustrates the eAect of thickness on the intensi-
ty of higher order spectra. The appearance of the (333)
line at —15 keV, and the (444) line at —21 keV, is due
to the fact that g~L, since L, ))L at these energies.
A comparison of measured and theoretical ratios of in-
tegrated intensities for each order is shown for Si in
Table II. The measured ratios are much closer to the
theoretical predictions than in mosaic graphite. For sin-
gle crystal silicon, 0 „=0, and 0, contains only the O„„,t
contribution. Table II shows that O„,t has only a small
efi'ect on the calculated values in this case. In the calcu-
lation, allowance was made for the increased absorption
for the (111) asymmetric Laue reAections [8] (see Fig. 5
of Ref. [17]).
We have not made a measurement of the yield for sil-
icon. However, in Ref. [14], r) has been measured at 900
MeV: (1.55 ~ 0.3) && 10 photons/electron for the (111)
reAection at 12 keV (Og =9.5'), and (5.67 ~ 1.03)
x10 6 for the (220) reAection at 19 keV. Using Eq. (2)
with 0, =0, we obtain 2.2x10 for the (111) reflection
and 3.0&& 10 for the (220) reAection.
We have measured the percent bandwidths of all the
spectral lines observed. Averaged over the energy range
of observation, Aro/rug = (3.2 ~ 1.5)% (graphite) and
(4 ~ 1.8)% (Si) for the far case, and (6. 1 ~ 3.2)%
(graphite) for the near case. These values are in excel-
lent agreement with the predictions of Eq. (2): 3.8% and
7% for the far and near cases, respectively.
In view of the much higher values of the measured
yields in comparison to the predicted values in mosaic
graphite, we have focused on the theoretical treatment of
mosaicity as a possible source of discrepancy between
PXR theory and experiment. Reference [5] presents the
only theory of PXR production in mosaic crystals, and
predicts essentially the same result as the perfect crystal
expressions used in the present analysis.
In order to find possible approaches to improve the
theory for mosaic crystals, we have examined primary
(PE) and secondary extinction (SE) eA'ects, which have
been shown to affect the x-ray reflectivity of CAPG [21].
The SE correction factors (CsE) for the n =1-6 orders in
CAPG range from 0.61 to 0.98. A CsE improves the
comparison with experiment for n =1, but the higher or-
der data cannot be brought into agreement with theory
by applying a CsE alone. We have also calculated the PE
TABLE II. Ratios of integrated spectral intensities in silicon.
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FIG. 2. Parametric x-ray spectra from (111)planes of single
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corrections, and found that they cannot explain the
discrepancy between the theoretical and measured yields
when reasonable values for the microcrystallite thickness
were assumed [20,21].
In view of these results, it is clear that the present un-
derstanding of PXR production in mosaic crystals is in-
complete and insufficient to explain the measured intensi-
ties in mosaic graphite. We are currently pursuing other
approaches to improve the theory of PXR in mosaic
structures. Experiments with crystals with larger mosaic
spreads are currently in progress.
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